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a Rs  ' R AC  T t 

- This  report  describes  a test  effort  that  was  performed  to  determine  the 
truth  orientation  of  an  A-10  aircraft  mounted  on  a Scientific  Atlanta  Inc., 
Model  PAKA-fl*>  three-axis  positioner  at  the  Rome  Air  Development  Center  Newport 
Antenna  Test  Annex,  and  to  estimate  the  errors  inherent  in  using  the  aircraft 
positioning  system  in  the  process  ot  antenna  pattern  testing* 


( 1 ) F.st  ahl  ish 


The  report  describes  the  following  aspects  of  this  effort 
ment  of  a reference  coordinate  system  tor  the  aircraft 


and  alignment  ot  the 
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PREFACE 


This  report  describes  the  efforts  performed  to  determine  the 
angular  positional  error  associated  with  supporting  a full  size 
A- 1 0 aircraft  on  the  PAEA-8S  three-axis  positioner  located  at 
RADC's  Newport  Antenna  Test  Annex.  The  work  was  accomplished 
under  Job  Order  Number  2 1 14 0001 . The  authors  wish  to  extend 
their  appreciation  to  Mr.  Lawrence  Crouth  of  RADC’s  Sensor 
Calibration  and  Instrumentation  Branch  and  Mr.  Edward  Collucio 
of  the  416th  Field  Maintenance  Squadron  Machine  Shop  for  their 
assistance  in  this  effort.  This  work  was  performed  during  the 
time  period  from  Jun  77  to  Dec  78. 
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1 INTRODUCTION 

In  order  to  effectively  and  efficiently  evaluate  the  multiple 
antenna  systems  of  the  A- 10  aircraft  under  realistic  flight  condi- 
tions without  actually  flying  it,  the  aircraft  was  attached  to  the 
turntable  of  a positioner  which  is  located  on  top  of  a 30-foot 
tower  at  RADC's  Newport  Test  Annex.  The  positioner,  a Scientific- 
Atlanta  Model  PALA-85,  is  a three-axis  unit,  azimuth  over  elevation 
over  azimuth.  It  allows  the  aircraft  to  he  tilted  in  pitch  or 
roll  and  rotated  about  its  yaw  axis.  See  frontispiece.  A digital 
readout  of  the  instantaneous  position  of  each  axis  is  obtained 
through  the  use  of  synchro  devices.  This  information  is  required 
£ o describe  the  aircraft  orientation  in  space  for  purposes  of 
evaluating  antenna  test  data.  However,  since  these  devices  measure 
only  the  motion  which  occurs  between  the  turntable  on  which  the 
aircraft  is  mounted  and  the  points  in  the  pedestal  on  which  the 
synchros  are  mounted,  an  uncertainty  remains  as  to  the  actual 
position  of  the  aircraft.  The  inherent  flexibility  of  the  system 
caused  by'the  foundation  and  tower,  the  pedestal  structure  and 
gear  trains,  the  turntable  bearings,  the  a i rc raf t - to -pedes t a 1 
mount  and  the  aircraft  itself,  results  in  deformations  due  to 
gravity,  wind,  and  thermal  effects  that  are  not  detected  by  the 
synchros.  Other  contributions  to  the  positional  uncertainty  are: 
errors  in  defining  the  reference  coordinate  system;  inaccuracies 
in  the  manufacture,  installation,  and  alignment  of  the  components 
of  the  entire  system;  positioning  of  the  aircraft  on  the  mount; 
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mechanical  synchro  readout  error;  and  human  error  in  conducting 
the  tests  and  taking  data.  krror  analyses  have  been  conducted 
in  conjunction  with  previous  tests  of  aircraft  mounted  in  a similar 
manner  on  the  same  tower  and  positioner  at  Newport.  A detailed 
discussion  of  the  specific  sources  of  error  mentioned  above  is 
contained  in  RADC - I R - 77  299 , ”i:-lll  Positional  Error  Analysis  When 
Mounted  on  Three-Axis  Positioner  at  RADC  Newport  Test  Annex",  and 
values  of  the  expected  errors  are  determined  or  estimated  for  each 
of  the  significant  sources.  Where  appropiiate,  these  error  values 
are  tabulated  and  used  in  this  report  without  further  discussion. 

The  purpose  of  this  effort  was  to  investigate  the  total 
angular  positional  error  in  elevation,  hereafter  referred  to  as 
total  system  error,  associated  with  mounting  the  A-10  aircraft  to 
the  positioner,  and  maneuvering  the  aircraft  about  its  pitch  and 
roll  axes.  This  was  accomplished  by  the  following:  (1)  Establish- 
ing a coordinate  system  for  the  aircraft  and  aligning  the  aircraft 
on  the  positioner,  (2)  Installing  an  inclinometer  measurement 
system  for  determining  aircraft  orientation  with  respect  to  the 
gravity  axis  and  for  estimating  errors  associated  with  the  air- 
craft positioning  system,  and  (3)  Testing  to  evaluate  probable 
errors  in  the  aircraft  positioner  system.  Included  in  this  report 
is  a discussion  of  the  results  of  the  measurements,  evaluation  of 
system  errors,  and  recommendation  of  procedures  to  be  followed  for 
estimating  system  errors. 

The  results  of  the  test  program  show  that  in  performing  an 
aircraft  rotation  about  the  positioner  elevation  axis,  the  total 


system  error  is  less  than  0.683  degrees  for  a pitch  manuever,  and 
less  than  0.533  degrees  for  a roll  maneuver.  Total  system  error 
is  defined  as  the  difference  between  the  aircraft  position  as 
determined  from  the  positioner  instrumentation  and  the  true  air- 
craft position  as  indicated  by  inclinometers  mounted  in  the  air- 
craft, corrected  for  additional  estimated  errors  as  discussed 
herein. 

I 1 ESTABLISHMENT  Oh  REFhRhN'CI;  COORD  I NATH  SVSTHM  TOR  AIRCRAFT 

AND  AL1 GNMENT  OT  AIRCRAFT  ON  PEDESTAL 

After  the  aircraft  was  assembled  in  the  hangar,  it  was 
leveled  following  the  leveling  procedure  described  in  Appendix  A. 

A reference  platform  was  manufactured  and  installed  in  the  interior 
of  the  aircraft  near  frame  540  in  accordance  with  procedures  which 
are  also  described  in  Appendix  A.  The  platform  was  designed  to 
be  used  with  a bubble-type  level  or  with  electrical  incl i nomet er s 
such  as  those  manufactured  by  Schaevitz  which  were  used  in  this 
study . 

After  the  aircraft  was  leveled  in  the  hangar,  various 
reference  marks  were  placed  on  the  aircraft  fuselage.  A set  of 
marks  was  placed  on  both  sides  of  the  aircraft  with  the  help  of 
an  engineer's  level.  This  established  a horizontal  reference 
plane.  The  horizontal  plane  reference  marks  were  not  used  in  this 
test.  They  were  intended  primarily  for  use  in  determining  air- 
craft fuselage  droop.  However,  since  the  inclinometer  measure- 
ment system  transducers  were  mounted  close  to  the  points  of  support 
of  the  aircraft,  fuselage  droop  became  of  minor  significance,  and 


the  value  previously  measured  in  the  I 111  tests  was  used  in  the 
determination  oi  system  error.  Another  set  of  marks  was  placed 
on  the  top  and  bottom  of  the  fuselage  to  define  a vertical  refer- 
ence plane.  l-'ore-to-att  position  can  be  adequately  specified  in 
terms  of  the  fuselage  station  numbers  as  provided  by  the  aircraft 
manufacturer's  drawings.  The  details  of  the'  procedures  which  were 
followed  to  determine  the  locations  of  the  reference  marks  are 
described  in  Appendix  A. 

Prior  to  mounting  the  aircraft  on  the  pedestal,  a test  was 
performed  to  check  the  elevation  axis  readout  of  the'  positioner. 

A machinists  level  was  placed  on  the  pedestal  platform  perpendicu- 
lar to  the  elevation  axis.  I'lie  elevation  axis  drive  was  operated 
to  bring  the  level  within  one  division  (0.0005  in/ft)  of  zero.  At 
this  position,  the  elevation  axis  readout  indicated  +0.23  degrees. 
This  means  that  with  the  lower  azimuth  set  at  0 degrees  and  the 
elevation  axis  readout  set  at  0 degrees,  the  pedestal  platform 
would  lie  t i 1 1 ed  0.23  degrees  upward  with  respect  to  the  site  on 
fanner  Kill. 

ill  i nc:i.  i nomi:  i i:r  mi:as_u  r itmcnt  svsti:m 

The  turntable  posit  ion  is  determined  by  synchros  that  measure 
the  elevation  and  azimuth  movements  of  the  turntable  and  display 
these  movements  on  digital  readouts  located  at  the  positioner 
control  console.  In  order  to  provide  some  means  for  checking  the 
synchro  readout  system  and  for  estimating  the  errors  associated 
with  aircraft,  mount,  and  pedestal  deflection,  t iie  aircraft  was 
instrumented  with  two  Schaevitz  servo  inclinometers.  both  incli- 
nometers were  mounted  on  a specially  made  platform  which  was 


attached  to  the  aircraft  at  a location  selected  to  be  near  the 


points  of  support  of  the  aircraft  on  the  positioner.  One  incli- 
nometer was  mounted  so  that  its  inclination  would  sense  the  pitch 
of  the  aircraft.  The  other  inclinometer  was  mounted  so  that  it 
would  sense  the  roll  of  the  aircraft. 

The  inclinometers  are  closed-loop,  force-balance  type  sensors. 
A pendulum  mass  is  suspended  which  tends  to  rotate  relative  to  the 
frame  of  the  inclinometer  as  the  inclinometer  is  made  to  tilt. 

As  the  pendulum  rotates,  a signal  is  generated  which  drives  a 
torque  motor  which  in  turn  repositions  the  pendulum  in  its  null 
position.  The  torque  motor  current  is  directly  proportional  to 
the  gravity  force  acting  on  the  pendulum.  Thus,  the  torque  motor 
and  the  inclinometer  output  are  directly  proportional  to  the  sine 
of  the  angle  of  tilt  of  the  inclinometer  base. 

The  inclinometers  used  in  this  study  were  designed  to  operate 
between  0 degrees  and  ^50  degrees.  Each  instrument  was  calibrated 
at  the  factory  at  one  degree  increments  throughout  its  range.  The 
calibration  data  as  well  as  other  data  pertaining  to  the  accuracy 
of  the  inclinometer  are  provided  in  Appendix  B including  a calibra- 
tion check  performed  at  RADC. 

When  the  inclinometer  is  tilted  about  its  nonsens i t i ve  axis, 
no  output  voltage  would  be  observed  in  theory.  In  practice,  how- 
ever, it  is  impossible  to  construct  a device  which  is  perfect  in 
this  respect.  The  output  which  is  observed  for  rotation  about  the 
nonsensitive  axis  is  indicated  by  the  instrument's  cross-axis 
sensitivity.  The  numerical  value  of  the  cross-axis  sensitivity 
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is  the  measured  voltage  output  whieh  is  observed  when  the  incli 
nonieter  is  t ilted  l>()  degrees  about  it:-  nonsensitive  axis.  Like 
the  primary  output  ot  the  inclinometer,  the  voltage  output  ussoci 
ated  with  tilt  about  the  nonsensitive  axis  is  proportional  to  the 
sine  ot  the  angle  ol  tilt.  However,  t lie  calibration  check  referred 
to  above  indicated  that  the  nonsensitive  axis  data  departs  sub- 
stantially trom  the  manu fac t u re r ' s prediction.  figures  HJ  thru 
HS  of  Appendix  H provide  calibrat  ion  curves  which  can  In'  used  to 
estimate  actual  nonsensitive  axis  motions  from  the  inclinometer 
output  voltage.  In  these  tests  they  were  also  used  to  predict 
the  amount  ol  the  output  voltage  which  was  due  t o a known  rotation 
about  the  nonsensitive  axis.  lor  example,  if  a pitch  maneuver  was 
performed,  the  inclinometer  which  was  mounted  to  sense  pitch  rota 
t i on, p ro v i ded  a voltage  output  proportional  to  the  amount  of  that 
rotation.  I'he  other  inclinometer,  mounted  t o sense  roll  rotation, 
provided  a voltage  which  included  not  onlv  any  roll  rotation 
occurring  during  the  pitch  maneuver,  but  also  a voltage  generated 
by  rotation  about  the  nonsensit  ivo  axis  produced  by  the  primary 
pitch  maneuver.  I'he  above  mentioned  curves  were  used  to  estimate 
the  amount  ol  the  inclinometer  voltage  which  was  due  to  the  pitch 
rotation.  I'll  i s was  subtracted  from  the  total  voltage,  t lie  dif- 
ference being  the  amount  due  to  t lie  roll  rotation. 

IV  11  ST  PROl'liOURllS 

\ number  of  pedestal  maneuvers  were  performed,  during  which 
time  simultaneous  measurements  of  synchro  readout  and  inclinometer 
voltage  were  made.  Assent  ially  eight  test  maneuvers  were  performed 
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(1)  Nosodown  Pitch  Change,  (2)  Taildown  Pitch  Change,  (5)  Right 
Wing  Down  Roll  Change,  and  (4)  Left  King  Down  Roll  Change,  each 
being  performed  for  both  right  side  up  and  upside  down  positions 
of  the  aircraft.  Measurement  data  was  collected  on  28  Oct  77 
(Upside  Down)  and  31  Mar  78  (Right  Side  Up). 

A . P i t c h Ch ange  Te st s 

These  tests  were  performed  by  rotating  the  upper  and 
lower  tables  to  the  desired  synchro  readouts  such  that  a rotation 
of  the  positioner  elevation  axis  would  result  in  a pitch  rotation 
of  the  aircraft. 

One  test  was  performed  by  lowering  the  nose  of  the  air 
craft,  the  other  by  lowering  the  tail  of  the  aircraft.  The  air 
craft  was  oriented  so  that  the  pitch  inclinometer  registered  ('.('01 
Volt,  equivalent  to  O.l'O  degrees  after  the  upper  and  lowei  azimuth 
settings  were  made,  and  subsequently,  the  aircraft  was  rotated  to 
provide  pitch  angles  of  10,  20,  30,  40  and  45  degrees  for  both 
nosodown  and  nosoup  orientation,  as  indicated  by  the  pitch  incli 
nometer.  for  each  pitch  orientation,  including  0.00  degrees,  the 
pitch  inclinometer,  the  elevation  synchro,  and  the  roll  inclinome 
ter  readings  were  recorded. 

H . Ro 1 i Change  Tests 

These  tests  were  performed  by  again  rotating  the  upper 
and  lower  azimuth  tables  to  the  desired  synchro  readout,  such  that 
a rotation  of  the  positioner  elevation  axis  would  result  in  a 
rotation  of  the  aircraft  about  its  roll  axis.  1'ests  were  per 
formed  for  both  clockwise  and  counterclockwise  rolls.  The 
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aircraft  was  oriented  so  that  the  roll  inclinometer  registered 
0.001  Volt,  equivalent  t o 0.00  degrees  alter  the  upper  and  lower 
settings  were  made,  and  subsequently,  for  angles  of  10,  20,  30, 

40,  and  IS  degrees  as  indicated  h\  the  roll  inclinometer  except 
that  for  the  upside  down,  right  wing  down  roll  test,  a S S degree 
reading  was  taken  also.  lor  each  angle,  including  0.00  degrees, 
the  roll  inclinometer,  the  elevation  synchro,  and  the  pitch  incli- 
nometer readings  were  recorded. 

V PRESEN  TAT  ION  01  RhSUl.TS 

The  results  of  the  test  program  are  presented  in  Tables  1 
through  -1  and  figures  1 through  4.  fables  1 and  2 present  basic 
data  for  pitch  and  roll  tests  for  right  side  up  and  upside  down 
positions  of  the  aircraft.  Data  includes  nominal  pitch  or  roll 
angle  as  determined  by  inclinometer  reading,  along  with  the  cor- 
responding elevation  synchro  reading  in  the  tirst  two  columns. 

The  next  column  is  the  difference  between  inclinometer  and  synchro 
readings.  The  next  two  co  1 limns  , ^ i nc  . and^syn.,  represent  the 
total  change,  obtained  by  subtracting  the  initial  reading  from 
each  succeeding  reading.  1 he  next  column  is  error,  defined  as  the 
synchro  reading  minus  the  inclinometer  reading.  The  final 
column  is  the  voltage  read  from  the  inclinometer  which  is  rotated 
about  its  nonsensitive  axis  by  the  primary  rotation  of  the  air- 
craft. figures  1 and  2 are  a graphical  presentation  of  the  error 
versus  the  angle  of  rotation.  This  data  represents  the  final  out 
put  of  the  test  - the  difference  between  the  actual  orientation 
of  the  aircraft  as  defined  by  the  inclinometers,  and  the  position 


8 


shown  In  the'  synchros. 


Tables  3 and  4 and  figures  3 and  4 present  the  results  of 
the  evaluation  of  cross-axis  effects,  i.e.,  roll  rotations  which 
occur  during  a pitch  maneuver  and  pitch  rotations  which  occur 
during  a roll  maneuver.  Column  1 lists  tin*  angles  ol  primary 
rotation,  either  pitch  or  roll.  Column  2 lists  the  voltage  out 
put  of  the  inclinometer  experiencing  the  primary  rotation  about 
its  nonsensitive  axis.  Column  3 is  the  voltage  taken  from  Appon 
dix  H , I igures  H2  through  BS  as  appropriate,  and  represents  the 
voltage  which  should  exist  due  solely  to  the  primary  rotation. 
Column  4 is  the  difference  between  columns  2 and  3 and  is  the 
voltage  due  to  rotation  of  this  inclinometer  about  its  sensitive 
axis,  and  which  includes  the  effect  of  any  initial  out  of  level 
condition.  Column  3 is  the  angle  represented  by  this  voltage, 
taken  from  Appendix  It,  fables  It3  or  B4  . Column  0 is  the  voltage 
due  to  initial  out  of  level  occurring  perpendicular  to  the  primary 
rotation,  and  is  calculated  for  each  angle  of  rotation  by  multi 
plying  the  total  initial  out  of  level  value  by  the  cosine  of  the 
angle.  Column  ? is  the  difference  between  columns  4 and  o , and  is 
the  voltage  due  to  cross  axis  rotations  due  t o*  unknown  effects, 
such  as  deflections  of  the  aircraft  or  the  support  structure,  or 
minor  misalignments  such  as  nonparallelism  or  nonperpend i cul a r 1 1 v 
ol  aircraft  centerline  and  positioner  elevation  axis.  Column  S 
is  the  angle  represented  by  this  voltage,  taken  from  Appendix  B, 
fables  R3  or  HI.  Columns  5 and  8 are  the  angular  cross  axis 
motions,  3 being  the  total  motion,  while  S is  the  part  ot  the 
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from  synchro  readings 


from  cross -ax is  inclinometer 


Right  Side  Up: 

0.49  degrees  nose  high 
0.15  degrees  left  wing  high 


read ings 
Right  Side  Up: 

0.495  degrees  nose  high 
0.123  degrees  left  wing  high 


Upside  Down: 

0.26  degrees  nose  high 
0.18  degrees  right  wing  high 


Upside  Down: 

0.265/0.30  degrees  nose  high 
0.263/0.089  degrees  right  wing  high 


The  two  values  for  both  cases  of  the  upside  down  test,  i.e., 
0.265/0.30  degrees,  indicate  a discrepancy  between  readings  taken 
for  aircraft  azimuth  positions  180  degrees  apart.  Since  the  turn 
table  was  level  in  all  cases,  no  such  discrepancy  should  exist, 
and  it  must  be  attributed  to  experimental  error.  On  2 Nov  19"8, 
shims  were  placed  between  the  aircraft  and  the  support  mounting 
pads  in  the  upside  down  configuration.  As  a result,  the  amount  of 
out -of- level  was  reduced  to  0.02  degrees  nose  high  and  0.05  degrees 
left  wing  high. 

It  should  be  noted  that  the  method  of  obtaining  the  error  in 
Tables  1 and  2,  in  which  only  the  changes  in  inclinometer  and 
synchro  readings  arc  compared,  has  the  effect  of  eliminating  the 
error  due  to  initial  nonlevelness . Non  1 eve Iness  , therefore,  will 
be  listed  as  a separate  error. 

B . Inclinometer  Tests 

These  tests  compare  the  angular  position  of  the  aircraft 
as  described  by  the  synchro  system  with  the  angular  position  with 
respect  to  gravity  (vertical)  as  described  by  the  inclinometer 
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system.  Since  the  inclinometer  system  takes  its  measurement  with 
respect  to  gravity,  it  includes  deformations  occuring  in  the  sys- 
tem between  the  inclinometer  system  platform  and  the  ground 
whether  caused  hv  gravity,  wind,  or  thermal  effects.  The  differ- 
ence, or  error  measured,  therefore,  tends  to  be  the  total  error 
occurring  in  vertical  planes,  except  for  the  initial  out-of-level 
condition  of  the  aircraft  as  discussed  herein,  and  distortions  of 
the  aircraft  beyond  the  inclinometer  platform.  The  inclinometer 
data  itself  is  in  error  because  of  inaccuracy  of  the  inclinometers, 
error  in  establishing  the  inclinometer  level  reference  plane,  and 
errors  in  reading  the  inclinometer  output. 

1 . Pitch  Test 

Maximum  error  measured  was  -0.04  degrees  which 
occurred  for  the  right  side  tip,  tail  down  position  at  40  to  45 
degrees  pitch.  The  negative  error  indicates  that  the  rotation  of 
the  aircraft  was  greater  than  indicated  by  the  synchro.  In  all 
cases,  the  error  tended  to  increase  uniformly  with  increasing 
pitch,  except  that  for  the  upside  down,  tail  down  position,  there 
was  virtually  no  error  until  45  degrees  was  reached  and  then  it 
was  only  0.01  degree.  lor  one  case,  right  side  up,  nose  down, 
the  rotation  of  the  aircraft  was  less  than  indicated  by  the 
synchro  (positive  error). 

2 . Roll  Test 

Maximum  error  measured  was  0.21  degrees  which  occurred 
for  the  right  side  up,  right  wing  down  position  of  the  aircraft. 

A maximum  of  0.20  degrees  occurred  for  the  upside  down  left  wing 


down  and  right  wing  down  positions.  In  these  three  cases,  the 
error  increased  with  increasing  roll  angle,  the  maximum  values 
occurring  at  45  degrees.  For  the  right  side  up,  left  wing  down 
position,  the  error  increased  up  to  40  degrees,  at  which  point, 
it  was  0.09  degrees,  then  decreased  to  0.08  degrees  at  45  degrees. 
Note  that  for  both  aircraft  upside  down  conditions,  aircraft 
rotation  as  indicated  by  the  inclinometers  was  less  then  indicated 
by  the  synchros,  while  for  both  right  side  up  conditions,  the 
opposite  was  true. 

3 . Cross -Ax  is  h f fee ts 

The  maximum  cross-axis  motion  observed  was  0.014 
degrees  of  pitch  motion  occurring  during  a 40  degree  right  wing 
down  roll  motion  with  the  aircraft  right  side  up.  This  value 
includes  the  effect  of  initial  out -of- level . With  this  effect 
eliminated  from  the  data,  the  remaining  motion  is  0.230  degrees. 
The  maximum  cross-axis  pitch  error  remaining  after  removal  of 
initial  out -of- level  effects  was  0.257  degrees  of  pitch  motion 
occurring  during  a 45  degree  left  wing  down  roll  rotation  with 
the  aircraft  right  side  up. 

The  major  contributor  to  cross-axis  errors  in  these  tests 
was  the  initial  out -of- level  condition.  The  curves  show  sub- 
stantially lower  error  values  in  all  cases  when  the  initial  out 
of- level  effect  is  removed. 

Cross-axis  errors  occurring  during  the  roll  tests  are 
substantially  greater  than  during  pitch  tests,  for  both  total 
errors,  and  errors  due  to  unknown  causes.  Cross-axis  errors  due 
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to  unknown  causes  during  roll  tests  tend  to  increase  in  a somewhat 
linear  manner  with  increasing  roll  angle,  and  are  larger  for  the 
right  side  up  orientation  of  the  aircraft.  For  pitch  tests,  the 
errors  arc  very  small  for  the  nose  down  case,  i.e.,  less  than  0.02 
degrees.  For  the  tail  down  case,  they  increase  to  almost  0.1 
deg  ree . 

An  attempt  was  made  to  determine  the  error  introduced  into 
the  primary  motion  measurement  - for  instance  pitch  - by  a cross- 
axis roll  rotation  by  going  to  the  curves  of  Appendix  B,  Figures 
BZ  through  B5  with  the  sine  of  the  cross-axis  angles,  but  the 
values  were  too  small  to  he  of  any  significance.  From  this  it 
can  he  seen  that  while  cross-axis  motions  up  to  the  order  of  0.6 
degree  do  occur,  their  effect  on  the  accuracy  of  primary  motion 
data  is  negligible.  Note  that  the  mathematical  signs  of  the 
errors  in  the  cross- ax  is  data  do  not  have  a consistent  physical 
s i g n i f i c a n c e in  this  d a t a . 

V 1 I SUMMARY  OF  F.RRORS 

A.  As  mentioned  previously  in  the  introduction,  RADC-TR- 
"-200  contains  a detailed  discussion  of  anticipated  error  sources 
for  test  programs  such  as  this.  See  Section  Y for  the  discussion, 
and  Section  VI  for  specific  values  assigned.  The  error  sources 
and  values  shown  in  Table  5 were  taken  from  the  report  and  are 
considered  to  be  directly  applicable  to  this  test. 

Additional  error  sources  and  values  identified  as  part  of 
this  test  program  are  shown  in  fable  6,  and  the  maximum  differences 
found  to  exist  between  elevation  synchro  readings  and  inclinometer 
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readings  are  shown  in  Table  7. 

B.  In  order  to  arrive  at  a probable  value  for  total 
system  error*  a logical  combination  (summation)  of  the  items 
listed  in  Tables  5,  6,  and  7 must  be  accomplished. 

It  must  first  be  noted  that  certain  items  listed  in  Table 
5 are  included  in  the  observed  difference  between  synchro  and 
inclinometer  readings  listed  in  Table  7 and  should  therefore  not 
be  included  in  the  summation.  For  example,  since  the  inclinometers 
measure  the  position  of  the  platform  on  which  they  arc  mounted 
with  respect  to  gravity,  all  deformations  and  other  errors  occur- 
ring between  the  ground  and  the  inclinometer  platform  arc  included 
in  the  difference  between  readings.  In  addition  to  pedestal 

deformation  and  synchro  readout  error  shown  as  Items  2 and  4 of 
Table  5,  this  would  include  foundation  and  tower  deflections, 
aircraft  support  structure  deflections,  and  aircraft  structure 
deflections  between  the  points  of  aircraft  support  and  the  incli- 
nometer platform.  The  aircraft  deformation  shown  as  Item  3 in 
Table  5 is  considered  to  occur  beyond  the  inclinometer  platform 
and  is  not  included  in  the  difference  between  readings.  It  will 
therefore  be  included  in  the  summation.  Table  5,  Item  ^"Esta- 
blishing Reference  Coordinate  System, " and  Item  5,  "Inclinometer 
Readout  Error," are  likewise  not  included  in  the  difference  between 
readings  a..'  will  be  included  in  the  summation. 

It  should  he  further  noted  that  Items  2 and  4 of  Table  b 
will  not  be  included  in  the  summation.  Both  items  define  an  error 
which  is  an  unwanted  yaw  rotation.  Item  2 defines  a yaw  of  the 
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aircraft  with  respect  to  a perpendicular  to  the  positioner  eleva- 
tion axis,  while  Item  4 defines  a yaw  of  the  inclinometer  princi- 
pal axis  with  respect  to  the  same  reference.  In  both  cases  the 
error  in  pitch  or  roll  angles  caused  by  these  items  is  a second 
order  effect  which  is  so  small  as  to  be  truly  negligible. 

Finally,  Item  5,  Table  5,  "Inclinometer  Readout  Error", 
will  not  be  included  as  a separate  error  as  it  is  included  as 
part  of  Item  5,  Table  t> , "Inclinometer  Error" 

C.  Items  to  be  included  in  the  summation  are  as  shown 
in  Table  8.  Note  that  the  first  five  items  are  random  in  the 
sense  that  their  direction  is  unknown,  and  in  the  case  of  air- 
craft deformation,  both  value  and  direction  vary  with  the  location 
of  the  particular  antenna  being  considered  with  respect  to  the 
inclinometer  system.  It  therefore  seems  reasonable  to  combine 
them  by  the  root  of  the  sum  of  the  squares  method  (RSS1 , i.e., 

by  squaring  each  value,  summing,  and  taking  the  square  root  of 
the  sum.  The  value  thus  obtained  is  0.153  degrees.  Items  6 and 
7,  the  initial  out-of-level  , and  the  difference  between  synchro 
and  inclinometer  readings,  are  measured  quantities  which  should 
be  either  added  or  subtracted  from  each  other,  and  the  result 
added  to  the  RSS  value  of  Items  1 through  5 to  obtain  the  Total 
System  Error.  The  determination  as  to  whether  Items  6 and  7 
should  be  added  or  subtracted  was  made  by  inspection  of  the  data. 

Results  of  the  summation  for  twelve  test  conditions  are 
presented  in  Table  9. 

D.  Cross-Axis  Effects  are  summarized  in  Table  10. 
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VI 1 CONCLUSIONS 

1.  When  the  tabic  of  the  positioner  is  level,  the  eleva- 
tion axis  readout  indicates  an  angle  of  +0.23  degrees.  This  means 
that  with  the  lower  azimuth  set  at  zero  degrees  and  the  elevation 
axis  set  at  zero  degrees,  the  positioner  table  is  tilted  0.23 
degrees  upward  with  respect  to  the  site  on  Tanner  Hill.  Reduction 
of  the  data  in  this  report  is  such  that  this  factor  is  not  included 
in  the  results.  It  should  be  treated  as  an  additional  bias  error 


and  corrected  for  accordingly.  j. 

2.  Prior  to  2 Nov  78,  an  initial  out-of-level  condition  r. 

It 

existed  such  that  with  the  turntable  level,  the  right  side  up 
aircraft  was  tilted  0.49  degrees  nose  high  and  0.15  degrees  left 
wing  high.  The  upside  down  aircraft  was  tilted  0.2b  degrees  nose 

i 

high  and  0.18  degrees  right  wing  high.  f 

i ] 


3.  On  2 Nov  78,  the  initial  out -of- level  was  reduced  such 
that  the  upside  down  aircraft  was  titled  0.02  degrees  nose  high 
and  0.05  degrees  left  wing  high.  This  amount  of  out-of-level  can 
be  considered  to  be  zero  as  far  as  Conclusions  b and  7 arc  con 

ce  rned . 

4.  When  conducting  tests  requiring  a pitch  maneuver,  the 
maximum  probable  difference  between  synchro  readings  and  true 
aircraft  position  when  the  out-ol'-level  condition  of  Para  2 is 
included  but  the  difference  of  Para  1 is  not  included,  is  0.b85 
degrees. 

5.  When  conducting  tests  requiring  a roll  maneuver,  the 
maximum  probable  difference  between  synchro  readings  and  true 
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aircraft  position  when  the  out-of-level  condition  of  Para  2 is 
included  but  the  difference  of  Para  1 is  not  included,  is  0.533 
degrees . 

6.  When  conducting  tests  requiring  a pitch  maneuver,  a 
simultaneous  roll  rotation  of  up  to  0.23  degrees,  including  the 
effect  of  initial  out  - of - 1 eve  1 , can  be  expected  to  exist.  This 
reduces  to  approximately  0.10  degrees  if  out -of- level  is  not 
cons i de  red . 

7.  When  conducting  tests  requiring  a roll  maneuver,  a 
simultaneous  pitch  rotation  of  up  to  0.61  degrees,  including  the 
effects  of  initial  out-of- level,  can  he  expected  to  exist.  This 
reduces  to  approximately  0.26  degrees  if  out-of-level  is  not 
cons i de  red . 

8.  Above  values'  are  extremes  which  cover  the  full  range 
of  angles  of  rotation  for  both  right  side  up  and  upside  down 
positions  of  the  aircraft.  Data  contained  herein  can  be  used  to 
determine  probable  errors  for  more  specific  cases  of  orientation 
and  rotation.  The  effect  of  initial  out-of-level  can  he  elimi- 
nated from  the  errors  listed  in  Table  9 by  simply  deleting  the 
out-of- level  values  from  the  summation. 

I X R[- COMMENDATIONS 

The  following  recommendations  arc  made  concerning  future 
aircraft  antenna  testing  on  the  Sc ient i f i c -At  1 anta  pedestal: 

A.  Genera  1 . The  procedure  followed  in  this  test  program 
is  satisfactory,  provided  that  the  degree  of  accuracy  stated 
herein  is  acceptable  for  future  tests.  When  more  stringent 
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requirements  are  imposed,  such  as  inclusion  of  directional 
antennas,  or  location  of  antennas  in  areas  where  major  deflections 
occur,  test  procedures  will  have  to  he  refined  to  achieve  greater 
accuracy . 

11.  1 nc  1 inometc  rs  . Inclinometers  should  he  calibrated 

about  both  axes  prior  to  the  start  of  each  major  test  program, 
and  means  should  be  developed  to  permit  periodic  rechecks  between 
calibrations  to  insure  that  reinstallation  of  inclinometers  after 
such  things  as  changes  in  aircraft  orientation  does  not  result  in 
inclinometer  performance  degradation. 

C.  Reference  Coordinate  System.  both  horizontal  and 
vertical  plane  reference  marks  should  be  placed  on  t lie  aircraft 
when  it  is  precisely  levelled  in  the  hangar  as  in  the  past  , even 
though,  as  in  the  present  case,  an  immediate  need  for  the  lion 
zontal  plane  marks  is  not  apparent.  The  possibility  that  they 
will  be  needed  always  exists  and  comparatively  little  additional 
effort  is  required  to  place  them  at  that  time,  while  a major 
effort  would  be  required  later. 

D.  Aircraft  Installation.  The  aircraft  should  be 
installed  to  be  level  in  both  planes  when  mounted  on  the  pedestal 
table,  when  the  table  itself  is  also  level.  The  system  of  check 
ing  the  level  of  the  table  using  a machinists  level  as  described 
herein  is  adequate.  The  aircraft  level  should  be  verified  by  the 
inclinometer  system  and  modifications  made  to  the  mount  as  required 
prior  to  the  start  of  testing.  With  the  table  and  the  aircraft 
level,  the  elevation  synchro  should  be  set  to  read  zero. 
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TABLE  IB 


ROLL  TEST  RIGHT  IV INC  DOWN 


Date:  28  Oct  77  Configuration:  Upside  Down  Winds:  ISmph 


Lower  AZ : +0.06° 


Upper  AZ:  DO. 00 


SN  1791  j 
Roll  Inc.  | I: lev.  Svn 


i from  Start 
D i f ft'  renc  e „ \ I nc  ■ j\Sy n : 


-0.001V-0 
- 1 . 134V-10 


LA  BIT  :a 


P 1 It:  1 1 I 1ST  NOSi:  MOWN 


M;i  to  : 


31  M;ir  78  Con  I i gwra  t i on  : 
Lower  AZ  : 0.0('° 


Right  Side  lip  Kinds:  0 Smph 
Upper  AZ  : O.OO' 


SN  1 " 0 0 

1'  1 1 c h 1 no  . 

Elev . Syn . 

1 

Diffe rence 

from 
iZ\l  nc  . 

St  a rf 
, A^yn. 

Er  ror 

SN  1701 
Roll  Inc. 

>0.001V*0° 

+ 0 . 6 4 

+ 0 . 04 

l 

0 

i 

0 

0 

► 0.013V 

-0.1  30-  1 0° 

10.6  5 

+ 0.6  5 

10 

10.01 

■O.o  1 

►0.002V 

-2.227*10° 

20 . 06 

+ 0 . 66 

20 

20.0  2 

► 0.02 

0.  008V 

- 3. 2 50  = 30° 

30 . 6 7 

+ 0 . 6 7 

30 

30.03 

► 0.0  3 

0.0  20V 

-4.1  86  = 40° 

4 0.67 

>0.6? 

4 0 

4 0 . 0 3 

Ml  . 0 3 

0.  0 20V 

1.604=45° 

4 5.67 

+ 0 . 6 " 

4 5 

4 5 . 0 3 

+ 0.0  3 

1 

0.0  35V 

P ITCH  ITS  I I A 1 1 MOWN 

Date:  31  Mar  "8  Configuration:  Right  Side  Up  Kinds:  0 8mph 

Lower  A::  +0.(11  1 Upper  AZ : 180. Oil' 


SN1790 

Pitch  i nc . 

1 1 o \ . Svii. 

M i 1 1 e retie  e 

1 rom 
♦Alin  . 

St  art 
j\Sv n . 

Er  ro  r 

SN  1791 
Roll  Inc. 

♦ 0 .0(1 1 v = o° 

A 

*0.3  3 

0.33 

0 

0 

0 

+ 0.0  12V 

>1.1 32=10° 

0 . 6 6 

0 . 3 4 

1 0 

o . o n 

0.01 

+ 0 ,025V 

t 70° 

10.65 

0 . 3 5 

2 0 

19.08 

0 . 0 2 

+0 .038V 

+3.258=30° 

20.64 

0 . 36 

30 

20.97 

0 . 0 3 

+0 ,050V 

>4.  188  = 40° 

3 0 . 6 3 

0.3" 

4 0 

3 0 . 9 6 

-0.0  4 

+ 0 .06  IV 

>4  .607  = 4 5° 

... 

4 4 . 6 3 

0 . 37 

4 5 

44.06 

-O.o  4 

♦0 . 066V 

c 


> > 


tabu;  3a 


CROSS  AXIS  DATA 


Pate:  28  Oct 


Aircraft  Configuration:  Upside  Down 


Pitch 


Ro  1 1 I nc  1 i noniete r Ua  t a 


Serial  1791 


(Ivgrees ) 


0 

-0.017 


lail  IV 'Mi 


♦0, 

,010 

♦0, 

. 030 

♦ 0, 

,040 

♦ 0, 

,050 

+0. 

,005 

+0. 

1 15 

♦0, 

.013 

0 

♦ 0. 

204 

♦0, 

,013 

+0.010 

♦ 0. 

177 

♦0. 

,012 

+0.008 

+0. 

lt>8 

+0. 

,011 

+0.008 

+0. 

177 

+0, 

.009 

+ 0.011 

♦0.088 

♦0.071 


tabu:  3B 


CROSS  AXIS  DATA 

Pate:  28  Oct  77  Aircraft  Configuration:  Upside  Down 


Pitch  | Pitch  Inclinometer  Data  Serial  1790 


Di fference 

Difference 

1. 

2.  3. 

; 4 . 

■ S.  6. 

' 8. 

Angle 

Measured  Voltage 

Voltage 

.Angle  | Voltage 

’Voltage 

1 Angle 

(Degrees 

Voltage  : due  to 
' Roll 

2.-3 

(Degrees) j due  to 
' out  of 

j 4 . - 6 

1 

(Degrees) 

L r 

, Level 

L 1 

left  King  Down: 


0 

1 -0.035 

0 

-0.035 

-0.310 

-0.035 

0 

7 0 

10 

1 -0.020 

+0.020 

-0.040 

-0.354 

-0.034 

-0.006 

1 -0.053 

20 

0 

+0.039 

-0.039 

-0.345 

-0.033 

-0.006 

| -0.053 

30 

+0.010 

+0.057 

-0.047 

-0.416 

-0.030 

-0.017 

! -0.150 

40 

+0.035 

+0.073 

-0.038 

-0.336 

-0.027 

-0.011 

i -0.097 

43 

+0.040 

+0.081 

-0.041 

-0.363 

-0.025 

-0.016 

-0.142 

Right  King  Down: 

0 

-0.030 

0 

-0.030 

-0.265 

-0.030 

o - 

0 

10 

1 -0.040 

-0.016 

-0.024 

-0.212 

-0.029 

+0.005 

+0.044 

20 

1-0.055 

-0.031 

-0.024 

-0.212 

-0.028 

+0.004 

+0.035 

30 

i -0.063 

-0.045 

-0.018 

-0.159 

-0.026 

+0.008 

+0.070 

35 

1-0.068 

-0.051 

-0.017 

-0.150 

-0.025 

+0.008 

+oaro 

40 

1-0.071 

-0.058 

-0.013 

-0.115  ! 

-0.023 

+0.010 

+0.088 

50 

-0.075 

-0.064 

-0.011 

-0.097 

-0.021 

+0.010 

+0.088 

IAM.1  4H 


CROSS  AXIS  DATA 


31  Mar  "8 


Aircraft  Couf i nurat  ion : Rijjht  Side  Hi 


Mcasuiw 


♦0.0 So 

0 

+0.0 50 

+0.401 

♦O.OSo 

♦0.06" 

♦ 0.020 

+0.04" 

♦0.412 

+0.0 55 

+0.075 

♦0.030 

♦O.OSo 

♦0.31O 

+0.0 S3 

♦0.084 

♦0.05“ 

♦0.02" 

♦0.237 

+0.040 

♦0.080 

♦0.073 

+0.0 10 

♦0.140 

+0.043 

♦0.001 

♦0.081 

+0.010 

+0.088 

+0.030 

0 

-0.008 

0.017 

0.0:2 

-0.02" 

-(1.020 


0 

-0.0" 1 
0.  ISO 
-0.105 
-0.2 30 
0.257 


Rikjht  l\  1 nv;  Down: 


♦0.05" 

(' 

♦0.05" 

♦0.500 

+0.05" 

0 

♦0.04" 

0 . 0 1 0 

♦ O.Oti  3 

♦0.553 

+0.056 

+0.00" 

♦0.035 

0.031 

+ 0 . (i(i(i 

♦0.579 

+0.054 

+0.012 

♦0.023 

-0.045 

♦0.008 

+0.59" 

+0.049 

+0.019 

♦0.012 

-0.058 

♦0.0"0 

+0.6 14 

+0.044 

+0.026 

♦0.004 

0.064 

♦0.068 

♦0.59" 

+0.040 

♦0.028  1 

| 

(' 

+0.062 
Ml.  1 0t> 
*0. 168 

♦ 0.2  30 

♦ 0.2-18 


TABLE  5 

ERROR  SOURCES  TAKEN  FROM  RADC  TR-77-299 


1.  Establishing  Reference  Coordinate  System 

a.  Placing  Reference  Marks  on  Aircraft  0.003° 

b.  Leveling  Aircraft  with  Spirit  Level  0.004° 

-.  Pedestal  Deformation 

a.  Gravitational  Loading  0.14° 

b.  Thermal  Distortion  0.05° 

3.  Aircraft  Deformation  0.03° 

4.  Electrical  or  Mechanical  Synchro  Readout  Error  0.05 

5.  Inclinometer  Readout  Error  0.05° 


tabu;  o 


ERROR  SOURCES  PI  l'l.RM  I NIP  [HIRING  i'll  IS  11  ST  PROGRAM 


Posit i on i n g A i r c r a f t o n 

Pedes t a 1 

(Initial  Out 

- o f - 1 

evell 

A.  Prior  to  2 Nov  "8 

■ i 

1 . j 

( 1 ) 

Upside  Down  - 

Pitch 

0 . 2b° 

N o s e 

High 

( :) 

Upside  Down  - 

Rol  1 

0.  18° 

R i git  t 

King  High  jH 

1 3 1 

Right  Side  Up 

- Pitch 

0 . 4 9 ° 

N o s e 

High  J 

(4) 

Right  Side  Up 

- Ro  1 1 

0.15° 

Left 

• j 

W i ng  High 

A. 

B . Afte 

r : Nov  " 8 

■*] 

r 1 

G 

in 

Upside  Down  - 

P i t c h 

0 . 02° 

Ta  i 1 

High  U 

(2) 

Upside  Down  - 

Roll 

0 . 0 5° 

Ee  ft 

King  High 

2.  Establishing  Upper  Turntable  Position 
for  Aircraft  Centerline  Normal  to  Elevation 


Axis  1 See  Append i x A)  0.01 0° 

3.  Leveling  of  Inclinometer  Platform  0.004° 

4.  Establishing  Inclinometer  Axes 
Perpendicular  to  and  Parallel  with 

Aircraft  Centerlines  0.01° 

5.  Inclinometer  Error  (See  Appendix  B")  0.15° 


tabu;  7 


BETWEEN  ELEl'AT  Tow 

SYNCHRO  READINGS  AND  I NCI  I mount, 

R READINGS 

Tit c h Test 

j 

Right  Side  Up 

• 

•Nose  Down 

0.0  3° 

. 

I ail  Down 

0.04° 

i 

Upside  Down 

I 

N se  Down 

0.02° 

* * 

Tail  Down 

0.01° 

. 

l. 

Bo  1 1 Test 

j 

■ 

Bight  Side  Up 

i 

Bight  Wing  Down 

0.21° 

j 

Teft  Wing  Down 

0 . 09° 

Upside  Down 

Bight  Wing  Down 

0 . 20° 

Left  Wing  Down 

0.20° 

J 

A 


TABI.I-:  8 


UT.MS  TO  Bi  INCLUDED  IN  ERROR  SUMMATION 


4 . 

5 . 
b . 


I’ lacing  Reference  Marks  on  Aircraft  (Table  5,  Item  1 
Leveling  Aircraft  (Table  5,  Item  lb): 

Aircraft  Deformation  (Table  5,  Item  3): 

Leveling  Inclinometer  Platform  (Table  6,  Item  3): 
Inclinometer  Error  (Table  b.  Item  5): 

Initial  Out-of-Level  (Table  b,  Item  1) 

Difference  Between  Synchro  and  Inclinometer  Readings 


a):  0.003° 
0.004° 
0.030° 
0 . 004° 
0 . 1 50° 

(Table  ") 
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TABLE  9 


TOTAL  SYSTEM  ERROR 

(Maximum  Probable  Difference  Between  Elevation  Synchro  Readings 
and  True  Aircraft  Position) 


1 1 . RSS  of  Para 
VI IC, Items  1, 
2, 3, 4, 5 

2 . Initial 

Out-of- 

Level 

3. Difference  Betweei 
Synchro  5 Inclinome 
ter  Readings 

' 4. Error 

* 

Pitch: 

■ \ 

Right  Side  Up 

1 

Nose  Down 

0.153 

0.49 

0.673 

0.683  . j 

> l 

Tail  Down 

0.153 

0.49 

0.04 

Upside  Down  (a) 
Nose  Down 

0.153 

0.26 

0.02(c) 

. 9 

0.393 

Tail  Down 

0.153 

0.26 

0.01 

0.423  * % 

Upside  Down  (b) 
Nose  Down 

0.153 

0.02 

0.02(c) 

0.153 

Tail  Down 

0.153 

0 .02 

0.01 

0.183  M 

I 1 

Roll: 

Right  Side  Up 
Right  Wing  Down 

0.153 

0.15 

0.21 

1 

f | 

■J 

J 

0.513 

Left  Wing  Down 

0.153 

0.15 

0.09(c) 

0.213 

m 

Upside  Down  (a) 

Right  Wing  Down 

0.153 

0.18 

0.20 

Left  Wing  Down 

0.153 

0.18 

0.20(c) 

0.173 

Upside  Down  (b) 
Right  Wing  Down 

0.153 

0.05 

0.20 

0.403 

Left  Wing  Down 

0.153 

0.05 

0.20(c) 

0.303 

(a)  indicates  prior  to  2 November  1978 

(b)  indicates  after  2 November  1978  (releveling  accomplished) 

(c)  indicates  cases  where  columns  2 and 

3 must  be  subtracted  from 

each  other  in 

the  summation 

I 

■ 
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r urn i r n n maximum  cross  axis  rotations 


1 . 

1'  i t e h IHi  r i ng 

Ro  1 1 

Rot  a t 

i on 

1 lota  1 ' 

(l  .M  0 

■y 

Ro 1 1 Hu r i ng  1 

’itch 

Rot  a t 

i on 

( To t a 1 ) 

(1 . 2 5° 

.>  , 

1'  itch  lhir  i ng 

Ro  1 1 

Ro  t a t 

i on 

( Net  ) 

0.26° 

4 . 

Roll  I'u ring  1 

’itch 

Ro  t a t 

i on 

t No  t ) 

0 . 1 0° 

\;\luos  shown  as  "not"  arc  differences  remaining  alter  removal  o 
initial  mi  toil  eve  1 e I'  foe  t s . 


FIGURE  IB  OBSERVED  ERROR  FOR  ROLL  TEST  (28  OCTOBER  1977) 

ERROR  * 


TOTAL 

UNKNOWN 


UNKOWN 


APPENDIX  A 


CALIBRATION  AND  ALIGNMENT  EE  FORTS  FOR  A- 10  TESTS 

This  project  is  divided  into  two  parts.  Part  I is  associated 
with  only  the  airplane,  i.e.,  centerline  determination  and  level- 
ing operations.  Part  II  is  associated  with  the  accuracy  of  the 
entire  system,  i.e.,  the  airplane,  the  support  pedestal,  and  the 
angle  sensing  devices  (the  upper  and  lower  azimuth  and  the  eleva- 
tion readouts)  of  the  support  pedestal. 

Part  I 

a.  During  the  time  the  A-10  was  in  the  hangar  being  prepared 
for  installation  on  the  pedestal  at  Irish  Hill,  it  was  placed  on 
two  pedestals  and  leveled.  RADC/OCSA  personnel  assisted  in  this 
operation  by  monitoring  the  level  checkpoints  on  the  aircraft. 

A 10-inch  bench  type  precision  bubble  level  was  used  for  the 
level  determinations.  The  aircraft  was  suspended  right  side  up 
on  two  pedestals,  one  under  each  wing.  When  leveling  was  completed, 
a row  of  five  reference  points  were  marked  at  the  same  elevation 
and  at  approximately  the  same  location  on  both  sides  of  the  fuse- 
lage. The  marks  were  set  with  a steel  center  punch  and  encircled 
with  black  stick  on  targets.  A Wild  N-3  precision  level  was  used 
for  these  observations. 

b.  The  vertical  plane  containing  the  centerline  was  determined 
and  marked  on  the  top  and  bottom  of  the  aircraft.  This  was  accom- 
plished by  selecting  initial  points  under  the  tail  and  ahead  of 
the  windshield  and  transferring  these  to  tape  on  the  floor  beneath 
the  aircraft.  A line  connecting  these  two  points  was  extended  in 


PHBCEDING  FAGS  hLANK 
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both  directions  to  provide  points  from  which  a theodolite  could 
be  used  to  locate  additional  points  on  the  vertical  centerline 
on  the  top  and  bottom  of  the  aircraft. 

c.  To  establish  a "waterl.no"  reference  for  the  horizontal 
plane  level  line,  Drawings  1 601)89  1 497  and  160D891597  were  studied 
to  locate  a surface  whose  waterline  was  known  and  from  which 
measurements  could  be  made.  It  was  determined  that  the  bottom 

of  the  trailing  edge  of  the  retracted  inboard  flap  is  located 
between  W.L.74.55  and  74.64.  A nominal  value  of  74.6  was  used. 

A level  was  set  up  and  measurements  made  resulting  in  the  deter- 
mination that  the  level  line  is  at  W.L.87.6  inches  approximately. 

d.  To  insure  that  the  Schaevitz  inclinometers  could  be 
installed  level,  and  parallel  and  perpendicular  respectively  with 
the  aircraft  centerline,  a mounting  plate  was  fabricated  for 
installation  in  the  aircraft.  The  plate  is  shown  schematically 
as  foil ou:s  : 


Leve 1 i ng 
Sur faces 


o 

0 


Inclinometer  Mounting 
Surfaces  (Both  Sides! 


Leveling  Screws  (3) 
O | Alignment  Pins  (2) 


f ’ 


i 


Uith  the  aircraft  in  a level  position  as  previously  determined, 
the  plate  was  mounted  near  station  540  on  the  three  leveling  jack 
The  bench  type  level  was  placed  on  the  leveling 


4 4 


screws  shown. 


r 


surfaces  provided  in  both  directions  and  the  plate  was  leveled 
to  within  0.004  degrees.  hollowing  this,  in  order  to  establish 
the  axes  of  the  inclinometers  parallel  and  perpendicular  with  the 
aircraft  centerline,  a point  was  established  on  the  floor  exactly 
under  the  centerline  of  the  aircraft  and  approx  imatelv  under  the 
alignment  pins  on  the  mounting  plate.  A theodolite  was  set  up 
precisely  over  the  point  and  a line  perpendicular  to  the  center 
line  of  the  aircraft  was  established,  including  a point  approxi- 
mately 35  feet  from  the  aircraft.  The  theodolite  was  set  up  over 
the  point  and  a scale  which  was  held  up  horizontally  to  first  one 
and  then  the  other  alignment  pin  was  read  through  the  theodolite. 
The  readings  were  identical,  and  the  alignment  of  the  plate  with 
the  aircraft  centerline  was  considered  complete.  The  level  ot 
the  plate  was  reverified. 

Part  11 

After  the  A 10  was  installed  on  the  pedestal,  the  following 
p roc edu res  we  re  pe  r fo rmed : 

I.  A target  was  set  up  at  the  vertical  axis  [center  point 

of  rotation)  of  the  lower  azimuth  table.  This  was  done  b\  align 
i ii g the  target  over  the  center  of  the  hole  in  the  lower  azimuth 
table. 

J.  two  targets  (.surveying  type)  were  attached  direct  I\  to  the 
previously  established  centerline  reference  points  located  on  top 
o f t he  a i rc ra  f t . 

3.  \ theodolite  was  set  up  over  station  IRISH  1AY  which  is 

app rox i ma t e 1 y IbOO  feet  west  of  the  radar  pedestal. 


4.  The  telescope  of  the  theodolite  was  then  pointed  at  the 
target  set  on  the  vertical  axis  of  the  lower  azimuth  table.  The 
airplane  was  then  observed  through  the  telescope.  The  upper  and 
lower  azimuths  were  adjusted  until  the  two  targets  on  top  of  the 
airplane  came  into  precise  alignment  with  the  theodolite.  The 
elevation  axis  was  then  lowered  (nose  down)  to  its  maximum  depres- 
sion while  observing  the  targets  through  the  theodolite  telescope. 
Minor  adjustments  were  made  to  upper  and  lower  azimuth  settings 
such  that  the  targets  remained  in  line  throughout  the  movement. 

The  upper  and  lower  azimuth  readings  were  then  recorded.  They 
were  0.05  degrees  and  504.20  degrees  respectively. 

Accuracy 

1.  Points  on  the  top  and  sides  of  the  airplane  (prior  to 
mounting  on  pedestal):  plus  or  minus  0.5  millimeter  from  defined 
1 i ne . 

2.  Precision  of  repeated  attempts  at  lining  up  the  targets 
on  top  of  the  airplane:  plus  or  minus  0.01  degrees. 

3.  Precision  of  leveling  the  inclinometer  mounting  plate  in 
the  a i r c r aft:  0 . 0 04  de  g r ee  s . 

4.  Precision  of  installing  the  inclinometer  mounting  plate 
perpendicular  to  the  aircraft  centerline:  0.01  degrees. 
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I I'AI  I HR  AT  ION  OH  I NOl  INOMT  IT  RS 

I'o  establish  that  the  accuraiv  ol  the  ealibration  data  lor 
the  Sehaev  i t iikT  mometers  uas  adequate  prior  t o t he  start  ol 
test  i ng  , a ca 1 i bra t i on eheek  was  made  on  ear  h ol  the  deures 
deserihed  in  Fable  I,  Sehaev  it.-  Servo  luelinometer  Mata.  The 
eheek  was  performed  on  the  surfaee  plate  in  the  Marlune  Shop  in 
Hldn  101. 

Inst  rumen t a t i on : 


1 ne  1 i 

nome tr is 

Sehaev l t r Mod 

el  No 

. 1 

SOI 

■ s 

Se  rial  Nos . 1 

7 0 0 ti 

1 " 

0 1 

I’rei  i 

s i on  Ma e h 

mists  1 (' 

Vl' 

1 Do A 1 1 

S i ne 

!’  late 

timer  1 . Robb  i 

ns  Co 

• 

tla  v;e 

H looks 

Standard  daRO 

Co  . 

h e be  r 

R rat  t a ml  Wh  i 

t nev 

0 i vi  i t 

a 1 Volt  me 

1 1'  v 

Hew  1 e t t I'ae  ka 

rd 

I’owe  i 

Supp  1 v 

\e op  i a n 

Sw  i 1 1 

h Ho\ 

lab  r i e at ed  1 n 

lions 

i' 

1 he 

sine 

plate  is 

an  mst  mine 

ut  ha  v i n v;  a s t a t 

i ona  r 

v h 

• . 1 SI’ 

plate 

t o 

wh  i e h 

is  hi iiro 

d a n i ne  1 

i n 

ah  1 e plat  e do s i e 

lied  t 

o b 

1 O s 

lip 

po  r t ed 

lu- 

Rage 

b looks  o 

1 known  t 

h i 

e k ne s s and  t litis 

held 

s t a 

t i ona 

at  aee 

ll  r.i 

t e 1 v 

d e t e rm  i nab  1 e a n r 1 e 

s . 

the  design  ol 

t he  p 

1 at 

l' s 

.in 

suppo  r 

t po  i n t s 

an'  stub 

that  t he 

s 

i ne  o 1 the  a in;  1 e 

made 

bv 

t he 

i ne 1 i nod 

t able 

with  t he 

ho  r i r.on  t 

.1 1 

i s equa 1 tot  he 

he  1 1; 

lit 

o t 

t h 

suppo i t mu  It  i p 1 ed  b v . 2 
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I'ABl.r  B 1 


sciiaivit:  si- k\ o inci. i nomi: rr.K  data 


Bat  a 1 t em 

Bower  supply  voltage 
Power  supply  current 
Frequency  response  (.1-3  db) 
Range 

lull  range  output 

Cross  axis  sensitivity 

No  i se 

1.  i nea  r i t v 

Output  impedance 

Z e r o offset  * ' 

Scale  factor  temperature 
roe  f f ic  ient  *■  “ 

Null  temperature  coc  f f i c ient  ' 

lilt  applied  so  that  connector 
end  is  lower  causes  output 
voltage  to  become  more 


SN  1790 

SN  179  1 

+15  volts 

+ 1 S volts 

IS  ma 

IS  ma 

•IS  cps 

4 8 cps 

St*  degrees 

SO  degrees 

+4.990  volts 

+4.998  volts 

0 . (i  Z 3 vo  1 1 s/g 

0.008  volt s/g 

0.003  volts  nns 

0 . 003  volts  rm 

+0.004  percent 

+0.01  percent 

S.Z3  k ohms 

S.Z3  k ohms 

0.001  volts 

0.0008  volts 

0 . 0005%/°F 

o . ooo i t/°r 

0 . 0 o / °F 

o.o on  °i 

(1)  voltage  signal  output  in  perfectly  level  orientation 

(Z)  change  in  output  voltage  per  degree  Fahrenheit  divided  by 
ou  t put  volt  age 

(3)  change  in  output  per  degree  Fahrenheit  divided  In  lull  scale 
out  pu t (ID  volts) 
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perpendicular  to  arul  parallel  with  the  axis  about  which  the  table 
is  lunged.  1'hese  edges  were  used  to  loeate  the  i iu  1 i nomet  e is  in 
each  of  the  tour  orientations  desired  tor  the  test  as  shown  m 
1 i gu  re  1 . 

The  digital  voltmeter  and  power  suppl\  are  permanent  1 v eon 
neeted  in  a unit  which  is  used  at  the  Newport  Test  Site  to  provide 
the  required  power  to  the  inclinometers  and  to  measure  and  displax 
the  inclinometer  output  voltage.  The  switch  box  provides  the 
means  ot  switching  from  the  pitch  inclinometer  to  the  roll  mcli 
nometer  without  changing  connections  in  the  t ie  1 vl . This  mstru 
mentation  was  used  for  the  calibration  check  tv'  duplicate  the  test 
conditions  at  the  site  as  nea  rh  as  possible.  The  onl\  departure 
from  this  was  the  interconnecting  cable  which  o permanent lv  in 
stalled  at  the  site  and  was  not  available  for  the  test.  \ new 
cable  was  made  up  for  the  test.  Since  onlv  one  connector  was 
available  at  the  inclinometer  end,  switching  was  done  h\  changing 
connections,  although  the  switch  box  was  retained  in  the  circuit. 

I I 1'lUH'l  HURT 

The  sine  plate  was  placed  on  the  surface  plate  which  had  been 
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was  determined  that  the  thickness  of  one  block  which  was  used  for 
each  angle  was  in  error.  The  corrected  value  was  used  in  calculat- 
ing the  angles  which  were  determined  to  he  8°lb',  28°8',  39°58', 
and  1 7 0 3 0 ' . 

lor  each  angle  setting,  each  inclinometer  was  placed  in  each 
of  the  four  orientations  shown  in  figure  1 and  the  voltage  reading 
was  read  and  recorded.  Thus,  eight  readings  were  obtained  for 
each  angle  including  0°.  Note  that  Cases  A and  B provide  sensitive 
axis  readings  while  cases  C and  1)  provide  cross  axis  or  nonsens  i 
tive  axis.  The  data  is  shown  in  Table  2. 

1 1 1 CALCULATIONS 

The  inclinometer  angle  for  each  inclinometer,  for  Cases  A 
and  B,  figure  1,  was  determined  from  the  inclinometer  output 
voltage.  This  was  accomplished  by  interpolating  data  from  the 
table  (3  or  J)  as  follows: 


Measured  Inclinometer  Angle  = 0 

Inclinometer  Output  Voltage  = V 

Next  Larger  Voltage  from  Table  = Vp 

Next  Smaller  Voltage  from  Table  = Y'e 

Angle  Represented  by  Vj  = 0| 

Angle  Represented  by  Vg  = 


1 V-V< 


s i n > | - sin  0^.  + sin  t)y 


\’L-VS 


1 he  sine  plate  angle  « was  determined  by  multiplying  the  gage 


SO 


TABLE  P2 


INCLINOMLTKH  CALI  BEAT I ON 


Machine  Chop,  21  June  1977 


Inclinometers:  :'chaevitr,  Model  Nr.  LS0C-5Qk  Serial  Nor.  7°0.  17°] 


•age 


Block  | 
Used 


0.2!  0 
0. 357 
0. 112 


■ Total 
He  ight 


1.000 
0.  357 
0. 1 50 
U.  060 


2.000 

0. 357 


3.000 
0.  i09 
0. 10.3 


0.7M 


1 . 567 


’.357 


3.21. 


Sine 


Angle  i A 


Serial  1790 


Serial  1791 


■trie 


B 


C 


a r-  , c 

| r- 


In.  1433 
8°  16' 
351°44’! 


p. 3134 
18°16 ' 
341°44 ' 


10.4714 

28°8' 

331°52 


M. 6424 
39°58' 
?20°2 ' 


+0.001  i + o.001 ,0.000  0.000  i-  0.002  I- n.003  -0.003  j 0 .003 


-0.936  1+0.938 


-2.170 


-3.066 


-4.178 


+2.170 


+3.071 


+4.183 


+ 0.017  0.012 


I-  0. 945  + (l 0 38  + 0 . 006  0.012 

i i 


0.034 


0 .028 


kM  83 


+ 0.054 


+ 0.076 


0 .0r’4  1-3.080 


-0.62 


•4.196 


+2. 17°  +0.025 


■3.080 


. 197 


♦ 0.033 


+ 0. 061 


o .o;  < 


0.032 


3.04 1 


3.000 
0. 357 
0.250 


3.687 


10.7373 

47°30 

312°30' 


4.793 


707 


* 0.082 


0 IX'  1 


.816 


0.050 

0.030 


TABLE  B3 


Calibration  data  for  Inclinometer  SN  1790.  Calibration 
performed  by  Schaevitz  Engineering,  Inc.,  using  an  optical 
index  table  with  an  accuracy  of  10  arc  seconds.  Calibration 
performed  for  temperature  75°  - 1. 
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tabu;  B4 


Calibration  data  for  Inclinometer  SN  1791.  Calibration  performed 
by  Schaevitz  engineering,  Inc.,  using  an  optical  index  table  with 
an  accuracy  of  10  arc  seconds.  Calibration  performed  for 
temperature  75°  - 1. 


ANGLE  OUTPUT 


0.115 

0.229 

0.343 

0.456 


0.797 

0.910 

1.022 


ANGLE 


1.579 


1.799 


2.232 

2.339 


-2.758 


OUTPUT 


-2.860 

-2.962 
-3.063 
-3. 163 
-3.262 
-3. 360 
-3.457 
-3.553 
-3.648 
-3.742 
-3.834 
-3.926 
-4.016 
-4.105 
-4.193 
-4.279 
-4.364 
-4.448 
-4.531 
-4.612 
-4.692 
-4.770 
-4.047 
-4.923 
-4 . 997 


ANGLE 


OUTPUT 

ANGLE 

90.113 

334* 

+0.227 

333 

+0.341 

332 

+0.455 

331 

+0. 568 

330 

+0.681 

329 

+0.795 

328 

+0.908 

327 

•+1.020 

326 

+1.132 

325 

+1.244 

324 

+1. 356 

323 

+1.467 

322 

+1.578 

321 

+1.688 

320 

+1.798 

319 

+1.907 

318 

+2.016 

317 

+2.124 

316 

+2.231 

315 

♦2.338 

314 

+2.444 

313 

+2.549 

312 

+2.064 

311 

♦2.757 

310 

OUTPUT 


+2 

.860 

+ 2 

.962 

+ 3 

.064 

+ 3 

164 

+ 3 

.263 

+3 

.361 

+ 3 

4 58 

+ 3 

554 

+ 3 

.649 

+ 3 

743 

+ 3 

836 

+ 3 

928 

♦ 4 

018 

+ 4 

108 

+ 4 

195 

+ 4 

282 

+ 4 

367 

+ 4. 

451 

+ 4. 

534 

+ 4 

615 

+ 4. 

695 

♦ 4. 

77  3 

♦ 4. 

660 

♦ 4 

92,  j 

♦ 5. 

000  1 

inclinometer  angle  was  then  compared 


block  height  by  0.2.  The 
with  the  sine  plate  angle  and  the  error  obtained  as  follows: 

Error  = 6 - a 

This  data  is  shown  in  Table  5 and  6. 

Cross-axis  sensitivity  for  each  inclinometer  for  Cases  C and  I), 
Figure  1,  is  shown  graphically  on  Figures  2 through  5,  where 
inclinometer  voltage  is  plotted  versus  the  sine  of  the  angle. 

I V RESULTS 

Tables  5 and  b show  that  four  data  points  are  substantially 
inconsistent  with  the  others.  Since  these  points  all  represent 
data  taken  for  the  same  position  of  the  sine  plate  table,  it  is 
probable  that  the  larger  error  is  in  table  angle  rather  than 
inclinometer  angle.  Ibisregarding  these  points,  the  maximum  error 
observed  was  0.137.  The  larger  values  observed  were  for  Serial 
Number  1701,  and  the  error  tends  to  increase  with  the  sice  of  the 
angle.  This  could  possibly  be  due  to  the  fact  that  greater  num- 
bers of  gage  blocks  were  used  to  obtain  the  larger  angles.  The 
maximum  error  associated  with  the  sine  plate  angle  is  estimated 
to  be  not  more  than  0.02.  The  inclinometer  voltage  can  be  read 
to  within  about  2 millivolts,  which  represents  an  error  of  0.01" 
degrees  at  1 degree  to  0.027  degrees  at  50  degrees.  Based  on 
these  facts,  it  is  estimated  that  inclinometer  angles  can  be  in 
error  by  0.05  to  0.15  degrees  for  large  angles  (40  to  50  degrees) 
of  pitch  and  roll. 

Cross-axis  sensitivity  observed  in  the  calibration  substan- 
tially exceeded  that  stated  by  the  manufacturer.  For  Serial  Num- 
ber 1700,  Table  No.  I shows  a cross-axjs  sensitivity  value  of  0.023 
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Sc 

haevitz  Inclinometer  Serin 

1 No. 

1-9  1 

e Plate  Angle 

Interpolated  Angle 

f rom 

0 i 1 t'erence 

g r e e s ) 

Table  4 (degrees') 

i d e g r ees) 

8 . 2b8 

8.312 

+0.04 4 

1 8 . 2 b 4 

19. 54  2 

♦1.2"- 

2 8 . 1 2 5 

28 . 1 -(l 

+0.044 

39 . 9 " 1 

4 0 . 035 

+ 0 . 0b 4 

4 " . 5 1 0 

4 7 . b 3 b 

+0.124 

3 1 2 . 4 9 0 

312.351 

0 . 13  9 

32  0 . 0 29 

319. 9 ’ 7 

0.0  5 2 

j 

3 3 | . 8 " 5 

3 3 1.84 0 

0.03  b 

34 1 . -3b 

3 4 0.48 b 

1.251 

351.732 

35)."32 

+0.001 

FIGURE  B2.  NON-SENSITIVE  AXIS  CALIBRATION 
INCLINOMETER  1790- CASE  C 


TILT  ANGLE 


FIGURE  B3.  NON-SENSITIVE  AXIS  CALIBRATION 
INCLINOMETER  1790-  CASE  D 


FIGURE  B4.  NON-SENSITIVE  AXIS  CALIBRATION 
INCLINOMETER  1791 -CASE  C 


FIGURE  B5  NON  -SENSITIVE  AXIS  CALIBRATION 


SINE  OF  TILT  ANGLE 


volts  g , which  is  t ho  value  which  should  he  obtained  lot  a 00 
decree  rotation  ol  the  inclinometer  about  its  nonsens  1 t i vo  axis. 

As  can  be  seeti  from  figure  2,  the  value  observed  in  the  cal  i Ina 
tii'n  increased  with  anyle  to  a value  ol  0.082  volts  at  SO  decrees 
and  remained  at  0.08  2 volts,  at  00  decrees.  lor  Serial  Number 
1 '0  1,  the  manu  I act  urer  1 s value  is  0.008  volts  y , while  the  oh  servo, 
values  were  0.0t>2  volts  tor  SO  decrees  and  O.lU'"  volts  tor  00 
decrees  . To  better  undersfatul  the  effect  of  this  factor,  yo  to 
Figure  2 , curve  lor  inclinometer  1'00,  base  b.  lor  a cross  axis 
anyle  ol  1 degree  (sine  0.01  "■IS),  the  inclinometer  voltage  would 
be  approx  i in  a te  1 v 0.002,  while  lor  an  anyle  ol  IS  deyrees  (sine 
0.  O'),  the  vo  It  aye  would  be  about  0.(180.  Interpolation  ol  Table 
3 indicates  that  0.002  volts  is  equivalent  to  a sensitive  axis 
any  1 e ol  0.01  deyrees  at  I deyree  or  0.027  deyrees  at  SO  d<  vees 
while  0.080  volts  is  equivalent  to  0.73  deyrees  at  1 deyree  or  1 
deyree  at  SO  deyrees.  It  can  be  seen  that  in  vases  where  t ho 
inclinometer  cannot  be  maintained  in  an  approximately  level  pos  i 
t l i'ii  with  respect  to  its  non  sens  i t i ve  axis,  additional  substantial 
e r r o r will  be  i n t r od  tic  ed  . 

\ iViNbl.lISlONS  \\n  KbbOMMlNH  A T 1 (INS 

1.  Maximum  inclinometer  error  van  approach  0.1S  deyrees  tor 
1 a rye  rotations  about  the  sensitive  axis. 

. Rotations  about  the  nonsensitive  axis  produce  voltage 
leadings  yreal  1 v in  excess  ol  thv'se  predictevl  bv  the  manutacliirei  . 

3.  It  is  recommended  that  i nc 1 i nomet ers  set  ials  I "00  and 
1 - 1 be  returned  to  the  manufacturer  tor  complete  rev  a 1 ibral  ion 


and  to  determine  the  reason  for  the  drastic  nonsensitive  axis 
increase  in  output. 

4.  Inclinometers  should  be  recalibrated  about  both  axes 
prior  to  the  start  of  each  major  test  program.  Means  should  be 
developed  to  permit  periodic  rechecks  between  calibrations  to 
insure  that  reinstallation  of  inclinometers  after  such  things  as 
changes  in  aircraft  orientation  does  not  result  in  inclinometer 
performance  degradation. 
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MISSION 

of 

Rome  Air  Development  Center 

RAVC  plani  and  execute*  fizAQ.an.ch,  development,  tet>t  and 
selected  acquisition  pn.ogn.am  in  support  of  Command,  Control 
Communication!,  and  Intelligence  (C3 1)  activities . Technical 
and  engineering  support  within  areas  of  technical  competence 
is  provided  to  ESV  Program  Offices  IPOs)  and  other  ESP 
elements.  The  principal  technical  mission  areas  are 
communications,  electromagnetic  guidance  and  control,  sur- 
veillance of  ground  and  aerospace  objec-ts,  intelligence  data 
collection  and  handling,  information  system  technology, 
ionospheric  propagation,  solid  state  sciences,  microwave 
physics  and  electronic  reliability,  maintainability  and 
compatibility. 


